Abstract-We present a novel optical orthogonal frequency division multiplexing (O-OFDM) scheme, suitable for intensity-modulated direct-detection systems, where the modulation/demodulation processing takes advantage of the fast Hartley transform algorithm. Due to the properties of the discrete Hartley transform (DHT), the conventional transmission scheme can be streamlined. We demonstrate that asymmetrically clipping (AC) technique can also be applied to DHT-based OFDM; the signal can be transmitted without the need of a DC bias, resulting in a power-efficient system, not affected by clipping noise. Hermitian symmetry is not required for the input signal. Therefore, this technique supports the double of input symbols compared to both AC and DC-biased O-OFDM, based on standard Fourier processing. The analysis in an additive white Gaussian noise channel shows that the same performance can be achieved by replacing 4, 16, and 64 QAM (quadrature-amplitude modulation) AC optical-OFDM with a simpler system based on DHT, using binary phase-shift keying (BPSK), 4 and 8 PAM (pulse-amplitude modulation), respectively. 
I. INTRODUCTION
O RTHOGONAL frequency-division multiplexing (OFDM) is a very promising technique, borrowed from broadband wireless and radio communications, for future high-speed large-capacity optical networks, and recently it also represents a novel candidate for optical access networks. As multicarrier transmission technique, OFDM allows transmission of the signal over several lower-rate subchannels. The subcarriers are orthogonal to each other, and their spectra are allowed to overlap. This results in a very high spectral efficiency. Therefore, the use of OFDM in optical networks meets the twofold requirement of mitigating transmission impairments and providing high-data rate transmission. Its resilience to dispersion impairments can reduce the conventional per-span compensation and offer an alternative electronic dispersion compensation method to traditional optical pre-and postcompensation techniques [1] , [2] . The high tolerance to chromatic dispersion and polarization mode dispersion allows extending the attainable distance before significant distortion to thousands of kilometers [2] - [9] . The signal processing in the OFDM transmitter/receiver takes advantage of the efficient algorithm of fast Fourier transform (FFT) to implement OFDM modulation/demodulation. On one side, it enables the use of the mature technology and capabilities of DSP; on the other side, it gives a complex and bipolar signal that must be transmitted on an optical link.
To solve this critical issue, alternative solutions have been proposed. Direct detection (DD) and coherent schemes can be used, trading simplicity against increased sensitivity [5] - [13] . DD systems are simpler and can be implemented by using commercial components [6] ; no laser is required as local oscillator at the receiver. The simplicity of this cost-effective solution is at expenses of the spectral efficiency, and its effectiveness depends on the system linearity [6] , [10] . Coherent detection allows to directly implement the standard RF OFDM scheme, but it is more costly and sensitive to phase noise and frequency offset; the RF-to-optical up-conversion and the optical-to-RF downconversion require narrow linewidth lasers. In this paper, DD is considered. In particular, we provide an alternative OFDM processing for intensity-modulated (IM) optical systems. An OFDM signal to be transmitted on an IM system must be converted into real and positive. To generate real OFDM symbols, the input signal mapped into a complex constellation is forced to have Hermitian symmetry. Adding a DC bias to real signals is an inefficient solution in terms of optical power, to obtain unipolar signals. Usually, the bias value is at least two times the standard deviation of the signal. In presence of high negative picks, the noise due to the clipping at zero level affects the transmission. In 2006, Armstrong and Lowery proposed asymmetrically clipping (AC) as a power-efficient technique to transmit OFDM signals on optical systems, without clipping noise [14] . Only the odd subcarriers are modulated by a signal with Hermitian symmetry.
An alternative optical OFDM scheme can be based on a real trigonometric transform to directly deal with real signal. In this paper, we propose a novel optical OFDM scheme based on the discrete Hartley transform (DHT) for power efficient transmission in IM/DD systems. Hartley transform is particularly attractive for the processing of real signals. The direct and inverse transforms are identical, and the Hartley transform of a real signal is real. Fourier transform always implies a complex processing and the phase carries fundamental information, while Hartley transform is a real trigonometric transform. Furthermore, the real and imaginary parts of the discrete Fourier transform (DFT) coincide with the even and the negative odd parts of the DHT, respectively: the transform kernels only differ for the imaginary unit [15] . DFT is used to perform the OFDM modulation, because it can be seen as a bank of modulators, whose narrowband channels have mutually orthogonal subcarriers. Similarly, the mirror-symmetric sub-bands of DHT ensure subcarriers orthogonality, and the spectral behavior enable to carry the data symbols for the parallel processing [16] . Therefore, fast Hartley transform (FHT) can replace FFT algorithm to furnish an alternative OFDM scheme. If the input symbols are real, the inverse FHT (IFHT) gives real OFDM signals. When the OFDM signals are real valued, the multicarrier transmission technique is considered a special case of OFDM. No in-phase and quadrature modulation onto an RF carrier is required and in the literature it is referred as discrete multi-tone modulation (DMT) [17] , [18] . Because of the DHT real processing, a simpler transmission system can be achieved, as demonstrated for high-speed wireless communications [19] . We adapt the DHT-based solution proposed in [19] to optical systems. To the best of our knowledge, no demonstration for IM/DD optical OFDM systems based on Hartley transform exists in the literature.
The paper is organized as follows: in Section II, we describe the optical OFDM system based on DHT. In Section III, we demonstrate that the AC technique can be applied to this alternative modulation scheme, without Hermitian symmetry constrain for the input signal. In Section IV, we present the performance of DHT-based AC optical OFDM (ACO-OFDM) in an additive white Gaussian noise (AWGN) channel. We compare it with DC-biased DHT-based OFDM and analyze different real constellations. We also compare our results to the performance of DC-biased and ACO-OFDM systems based on Fourier transform. Finally, in Section V conclusions are drawn.
II. OPTICAL OFDM SYSTEM BASED ON DHT
The block diagram of the DHT-based optical OFDM system is depicted in Fig. 1 . The IFHT and FHT are used in place of the inverse FFT (IFFT) and FFT, to perform the OFDM modulation and demodulation, respectively. According to the definition of DHT [15] , the OFDM symbol is given by (1) where indicates the symbol sequence and represents the number of symbols processed in parallel. The DHT kernel is real, and it can also be indicated as [15] (2) If a real constellation [e.g., binary phase-shift keying (BPSK), M-PAM (pulse-amplitude modulation)] is used for the subcarriers modulation, the OFDM symbol is real. If the input symbols are complex, as the 16 symbols 4 QAM (quadratureamplitude modulation) of Fig. 2 , is complex. Fig. 2 shows the data blocks at the input and output of a 16-order IFHT, compared to a 16-order IFFT. Both the discrete transforms have a nonzero imaginary part. The IFFT has been evaluated so that the forward and inverse transform has the same normalizing factor (3) In order to obtain real-valued IFFT, the input vector must have Hermitian symmetry. Fig. 3(a) shows the real-valued OFDM symbol at the output of a 32-order IFFT. The information sequence is mapped into 4 QAM symbols; the second-half of the input vector is given by their complex conjugate values [indicated in Fig. 3(a) as QAM ]. The dc and Nyquist frequencies that are and , respectively, are set to zero. For a given OFDM signal bandwidth, when the number of subcarriers is doubled the carrier spacing decreases accordingly. On the other hand, for a given bit rate, by maintaining the same carrier spacing, if only half of the available subcarriers are used to carry data, the required bandwidth to transmit the same data signal increases accordingly. For a given constellation size, the data rate that can be supported by the double of subcarriers is greater. In DMT systems, only half of the IFFT points are used to process the information data symbols (independent complex values); the second-half is required to process the complex conjugate vector, due to the Hermitian symmetry constrain [18] . When DHT is used, Hermitian symmetry is not required: if the input vector is real, the IFHT is real-valued and the number of subcarriers carrying information symbols (independent real-valued values) coincides with the DHT points, as shown in Fig. 3(b) . So that to transmit the same data signal, a lower constellation size (BPSK) is required. In the remainder of the paper, we compare O-OFDM system based on IFHT and real-valued IFFT of order able to transmit the same data signal.
As shown in Fig. 1 , by using the DHT, the input data stream is serial-to-parallel converted and mapped into a real constellation to generate a real OFDM signal. After parallel-to-serial conversion, the real OFDM signal can be processed by one single digital-to-analog converter (DAC). The analog signal is real, but it is still bipolar and must be converted into unipolar to be IM. In the following section, we demonstrate that both AC and DC-biased solutions, adopted in standard optical OFDM, are possible for DHT-based optical OFDM. Adding a DC-bias requires more power and residual clipping noise can affect the transmission. By adopting AC technique the average optical power is reduced without affecting the transmission.
At the receiver, after DD, the signal is converted to digital by one single analog-to-digital converter (ADC) and the sequence is recovered by DHT processing and demodulating the signal.
As in the standard implementation of OFDM, a cyclic prefix (CP) can be used to mitigate intersymbol interference and intercarrier interference [19] . The choice of prefix length should take into account that this overhead reduces the supported data rate, to cope with the delay introduced by the channel. Generally, the CP is a small fraction of the OFDM symbol, but to be effective should be longer than the delay spread. Mandyam in [20] demonstrates that sinusoidal transforms with a symmetric extension may outperform DFT, when delay spread due to the channel is longer than CP duration. Merched extends the study to the Hartley domain [21] . However, due to the double-side band optical spectrum, ACO-OFDM does not enable to compensate for significant fiber chromatic dispersion [22] . In fact, the intensity modulation generates an OFDM signal on both sides of the optical carrier frequency. DD is more robust to dispersion impairments when combined with optical single-side band modulation than when direct IM is applied [5] .
A. Computational Complexity
We compare the FHT algorithms with optimized algorithms to evaluate the FFT of real-valued sequences. When FFT exploits the Hermitian symmetry property of the transform, FHT algorithms require about the same number of multiplications but more additions [23] - [25] . Nevertheless, additional resources must be used for calculating the complex conjugate vector to deal with real-valued FFT. In the case of radix-2 algorithm, reported in [25] , for both the decimation-in-time and decimation-in-frequency, the number of multiplications required by the DHT is and the number of additions is , with the transform order. The FHT-based algorithm has the same number of multiplications and more additions than the corresponding FFT algorithm optimized for a real input vector. Similarly, the number of additions required by FHT slightly exceeds the ones required by FFT of a real-valued sequence for radix-4, split radix, prime factor, and Winograd transform algorithms, as demonstrated in 1985 by Sorensen et al. [25] . In 1986, Duhamel and Vetterli proposed the fastest algorithm implementing the DHT. Its improved version requires only two more additions than the FFT algorithms for real-valued signal with minimum arithmetic complexity [26] , [27] . This improvement increases the computational speed in DSP devices. The minimum number of multiplications for both FFT and FHT is , while the number of additions is and , respectively. The number of total operations required for 32-order transforms is indicated in Fig. 3 , and it is also shown where additional computational resources are needed.
Moreover, although the FFT and IFFT are very similar, the same FHT routine can be applied to calculate the forward and inverse transforms, because DHT is self-inverse. Therefore, the same DSP device can be used for modulation and demodulation. To change from the forward to the IFFT transform, an additional control is required to reverse the sign of the imaginary unit in the transform kernel. 
III. ASYMMETRICALLY CLIPPED DHT-BASED O-OFDM
In this section, we demonstrate that AC technique can also be applied to OFDM signals generated by using the Hartley transform. With a suitable choice of the subcarriers to be modulated, the DHT-based OFDM signal can be clipped at zero level and correctly recovered without clipping noise.
In fact, as for DFT, also for DHT it is easy to demonstrate that for odd (4) Therefore, if only the odd subcarriers are nonzero, the DHT-OFDM symbol is redundant, as shown in Fig. 4(a) , and can be clipped without losing information. The nonredundant OFDM symbol is shown in Fig. 4(b) ; it is obtained by clipping the IDHT evaluated for a BPSK sequence of length . The sequence can be recovered by simply performing the Hartley transform of the IDHT-OFDM symbol (5) By making explicit the symbol elements in the summation, it can be rewritten in the following form (6) Stated (4) and according to the assumption that only the odd subcarriers are nonzero (7) where the summation in (6) has been split in two, depending on the sign of . For clipped signal only one of the two terms of (6) is nonzero, depending on the sign of ; therefore, the recovered symbol sequence will be (9) This means that, as in ACO-OFDM based on FFT [14] , the symbol sequence can be recovered from the odd subcarriers, and the constellation points have the half of the original values. All the clipping noise falls into the even subcarriers that can be easily discarded.
As clipping is a memoryless nonlinearity, the attenuation of the input sequence and the presence of additive noise directly follow the Bussgang's theorem. It can be applied because can be assumed to have a Gaussian distribution for . Therefore, the same analysis of clipping reported in [14] can be considered valid also for the DHT-OFDM signal.
A. Simulation Results
To prove the correctness of the theoretical approach, we simulate the transmission of 50 OFDM symbols in a back-to-back system based on DHT processing. The input sequence is mapped into BPSK constellation points and modulated by a DHT. Only the odd subcarriers are modulated; therefore, in an ACO-OFDM system based on N-order DHT, only data symbols can be transmitted. However, as shown in Fig. 5 , the optical power, which is proportional to the electrical OFDM signal, is substantially reduced, compared to the DC-biased signal, for which all the subcarriers can be modulated. The bias value should be at least two times the signal standard deviation. The choice of a fixed bias value trades power efficiency and additional noise. In fact, in DC-biased optical systems the reduction of clipping noise is at expenses of power consumption.
At the receiver side, the DHT of the clipped signal is performed to recover the BPSK sequence. Fig. 6 shows the received constellation: the symbols, with half of the original value, can be recovered from the odd subcarriers, and the even subcarriers represent the noisy component of the signal.
B. Comparison Between DHT-Based and DFT-Based ACO-OFDM Transmission Systems
An OFDM system based on -order DHT can transmit independent real-valued symbols. In DFT-based OFDM, the number of independent symbols that can be transmitted with a -order DFT is reduced to , due to the Hermitian symmetry constrain on the input sequence.
Consider transmitting a certain bit rate over subcarriers. ACO-OFDM requires half the carriers to be unused. At each parallel processing, 32 bits are mapped into 4 QAM constellation and transmitted over odd subcarriers. The remaining 16 are used to carry the complex conjugate vector. By using Hartley transform, all the carriers carry information symbols. The input bits are mapped into a simpler BPSK constellation to transmit the same bit rate. Fig. 7 shows the transmission of the same bit sequence by using either an IFHT or an IFFT of order and the resulting real-valued OFDM signals. The 32 even-indexed subcarriers are set to zero in order to avoid signal distortion due to the clipping noise. According to [27] , multiplications and additions are required for the FHT. That is only two more additions compared to the real-valued FFT algorithm with the minimum arithmetic complexity.
IV. PERFORMANCE ANALYSIS
We analyze the performance of the proposed IM/DD optical OFDM communication systems based on DHT, in an AWGN channel. We add a Gaussian noise source in the electrical domain, after DD, to the system represented in Fig. 1 . In order to compare the performance of the proposed system, with AC and DC-biased O-OFDM systems based on FFT presented by other authors [28] , [29] , we consider the same assumptions. The comparison that we propose is between DMT systems based on -order DHT, and DFT able to transmit the same data signal per OFDM symbol, i.e., the same information bit sequence per parallel processing. We assume that the impulse response of the optical channel is unitary, and we do not consider the CP. For the analysis of DC-biased solution, we evaluate the performance [27] .
for bias values of 7 and 13 dB, assuming the same bias definition of [29] (10) and considering its value in dB as is the signal variance. We compare the proposed AC DHT-based O-OFDM to the DC-biased solution, considering a BPSK modulation format for the input data sequence. Fig. 8 reports the bit error rate (BER) as a function of the bit electrical energy normalized to the noise power spectral density . Due to the Bussgang's theorem and the considerations reported in [14] , [28] , and [29] , the relation between electrical and optical power can be easily derived for both AC and DC-biased O-OFDM systems. Therefore, we refer to the electrical energy for this analysis and not to the optical power. The electrical-tooptical conversion can be obtained by using formulas (4) and (5) in [29] . To give an example, we calculate the optical power for the DHT-based DCO-OFDM, using BPSK modulation and a DC-bias of 7 dB. The corresponding value of is 2, according to (10) . The normalized optical power per transmitted bit for a BER of is dB dB, being the normalized bit electrical energy dB (see Fig. 8 ). By using the same modulation format, with ACO-OFDM based on DHT the normalized optical power per transmitted bit is dB dB. The same result has been reported in [29] for an ACO-OFDM based on FFT using 4 QAM. The power efficiency of AC technique is superior to dc-biased solution also for optical DHT-based OFDM, as shown in Fig. 8 . However, due to the AC, which reduces the recovered symbols to half of the original values (see Fig. 6 ), in ACO-OFDM 3 dB more power is required compared to a bipolar system, using the same constellation [29] . Only half of the power is used for the odd subcarriers, the rest is converted into clipping noise carried by the even subcarriers. For this reason, in the ACO-OFDM system of Fig. 8 , the required is 9.8 dB, instead of Fig. 8 shows that to obtain a BER of , DC-biased OFDM with a bias of two times the standard deviation [i.e., 7 dB, according to (10) ], requires a normalized bit energy value about 4 dB greater than the of ACO-OFDM. In our performance evaluation, we take into account the additional noise due to the clipping at zero level of DC-biased signal. If the bias value is larger, the additional noise due to the clipping of residual negative peaks decreases. This is at expenses of the electrical power, as it can be seen for the BER curve of Fig. 8 , representing the performance of a DHT-based optical OFDM system using 13 dB as bias value.
As summarized in Table I , the independent constellation symbols supported by an -order FFT-based AC or DC-biased O-OFDM are and , respectively. For DHT-based are and , since the double of constellation symbols can be allocated. Therefore, in order to compare O-OFDM systems transmitting the same signal at the same bit rate, the input sequence of the DHT-based scheme is mapped into a real -ary constellation that requires a lower value for . We first compare the performance of AC DHT-based systems using a 2 levels modulation (BPSK) with the ACO-OFDM based on FFT analyzed in [28] , where the modulation is a 4 QAM. We observe that the same performance can be achieved with a simpler scheme, using the DHT real processing. Similarly, the same BER curves can be obtained with a DC-biased DHTbased O-OFDM system, using BPSK or a 4 QAM DC-biased system based on FFT of the same order, transmitting the same data sequence. Again, we compare our results with the curves in [29] , observing good agreement.
To benefit of the real processing offered by Hartley transform, only real constellation can be supported. We analyze the performance for 4 and 8 PAM. The BER curves are plotted in Fig. 9 . The same performance of FFT-based ACO-OFDM using 16 and 64 QAM (see [29, Fig. 1] ) can be achieved with 4 and 8 PAM DHT-based ACO-OFDM. The same data sequence at the same bit rate is transmitted with a simpler system, which does not require Hermitian symmetry for the input signal. In an IM/DD optical OFDM system, both FFT and FHT of the same order can be used to transmit at the same bit rate. However, if is the QAM constellation size, to achieve the same performance, the size of the real constellation for the DHT is .
V. CONCLUSION
This paper provides a novel optical OFDM scheme, where the real processing of Hartley transform replaces the Fourier processing. Compared to FFT algorithms for real-valued sequence, FHT only requires few more additions. Moreover, the direct and inverse transforms are equal, so that the same fast algorithm can be applied and the same DSP is required for the OFDM modulation and demodulation. If a real constellation is used, the DHT-OFDM symbols are real. One single DAC and one single ADC are required at the transmitter and receiver, as in DMT systems.
We have demonstrated that DHT-based OFDM signals can be asymmetrically clipped without the need of Hermitian symmetry constrain for the input vector. If only the odd subcarriers are modulated, the signal can be correctly recovered and all the clipping noise falls into the even subcarriers. Moreover, the computational time required to evaluate the complex conjugate of the input constellation symbols vector can be saved. Therefore, the proposed optical OFDM system furnishes a simplified scheme with the same power efficiency of FFT-based ACO-OFDM, resulting suitable for IM/DD optical systems.
The analyzed performance shows that the same BER curves, obtained with FFT-based O-OFDM, can be obtained with the proposed O-OFDM scheme based on DHT. With a DHT of the same order and using a real constellation with lower size, the same data sequence at the same bit rate can be transmitted, adopting either DC-biased or ACO solutions.
